Introduction
============

Materials-based nanotherapeutics substantially impact clinical medicines such as cancer therapy, vaccine development, and tissue repair and regeneration [@B1]. Nanoparticle-based experimental therapeutics are currently being investigated in numerous human clinical trials [@B2]. The potential adverse effects of nanoparticle delivery systems have always been the major concern in preclinical studies and clinical evaluations. Surface charge is one of the important characteristics of nanoparticles [@B3], which influences their cellular uptake and cytotoxicity [@B4]-[@B7]. Due to their positively charged surface, cationic nanocarriers load and condense nucleic acids simply via electrical interactions with the anionic nucleic cargo [@B8]. Thus, cationic nanoparticles, including cationic liposomes, polyethylene imines (PEI), and chitosan, are most commonly used in gene delivery as non-viral vectors for nucleic acids [@B9]-[@B13]. It is generally accepted that cationic nanoparticles are more cytotoxic and inflammatory than neutral or negative nanoparticles [@B14], [@B15].

Numerous cationic nanoparticles have emerged as potential delivery alternatives in the basic research and preclinical studies; however, a limited number of nanoparticles have been clinically evaluated [@B16]-[@B20]. Nanoparticle toxicity following systemic administration has always been a barrier to the successful translation of cationic nanoparticles into the clinic [@B8], [@B21], [@B22]. In fact, most clinical studies based on cationic liposomal or cationic polymer delivery systems have reported adverse events, such as fever, fatigue, and chills, related to inflammatory toxicity [@B23]-[@B25]. For example, in a study with nineteen patients, the most common treatment-related adverse events of any grade were fatigue (n=12), chills (n=12), and fever (n=10). Importantly, a total of five (21%) patients withdrew from the study due to an adverse event. In some clinical trials, before the systemic administration of a cationic liposomal or cationic polymer drug delivery system, a pretreatment regimen, including oral diphenhydramine, oral famotidine, and intravenous methylprednisolone, was required to reduce the risk of adverse events related to inflammatory toxicity. Cytokines such as tumour necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β) and interferon-γ (IFN-γ) are increased in the serum after treatment with cationic delivery systems [@B26]. In addition, local administration, such as through the airway, also appears to induce an inflammatory response [@B27]. Although the apparent inflammatory response in these patients may be caused by the drugs in the cationic nanoparticles, the response appeared transient, often lasting 12-24 h, indicating that the inflammatory response triggered by the cationic nanoparticles might be negatively regulated by the immune system.

Inflammatory toxicity has also been found in animal testing, and the mechanism underlying this toxicity has been explored [@B28]-[@B30]. Local lipoplex administration (by nebulization or intratracheal instillation) triggered apparent inflammation for hours in the lungs, as evidenced by an increase in several kinds of proinflammatory cytokines and by the accumulation of leukocytes [@B30]. Immediately after systemic administration, cationic nanocarriers, such as liposomes and PEI, have also been reported to accumulate in the lungs to a great extent, which has gained attention [@B31]-[@B33]. Recently, our group has reported that cationic nanoparticles, such as liposomes, PEI and chitosan, cause a severe pulmonary inflammatory response that is characterized by early neutrophil infiltration following systemic administration [@B30]. This inflammation was also observed in the liver and other tissues to a lesser degree. Furthermore, we explored the possible mechanism by which inflammatory toxicity is triggered by cationic nanoparticles. We found that the cationic nanoparticles induced acute cell necrosis via interacting with Na^+^/K^+^-ATPase and subsequently caused the release of mitochondria and mitochondrial contents, such as mtDNA, from necrotic cells as damage associated molecular patterns (DAMPs) to further stimulate the innate immune response [@B30]. Our unpublished preliminary findings during these observations revealed that within 1 week following a sublethal dose, cationic nanocarriers induced an inflammatory response that was characterized by early neutrophil infiltration and that was gradually, spontaneously resolved.

On the basis of the clinical and experimental findings mentioned above, it is conceivable that cationic nanoparticles not only trigger an inflammatory response but also simultaneously negatively regulate the inflammatory response, which in turn leads to inflammation resolution. However, how the cationic nanocarrier-induced inflammatory response is negatively regulated and the mechanisms underlying the inflammation resolution are still unknown. Therefore, research investigating the regulation and resolution of cationic nanoparticle-induced inflammation is important for identifying the possible mechanisms underlying this toxicity, for providing new strategies that prevent toxicity and for promoting the application of this nanotechnology in biomedical fields.

Results
=======

Inflammation resolution and Ly6C^+^ monocyte recruitment in cationic nanoparticle-induced inflammation
------------------------------------------------------------------------------------------------------

To investigate the regulation and remission of cationic nanocarrier-induced acute inflammation, we continuously monitored the inflammation for days and found that the inflammation was often resolved within 1 week following the injection of a single sublethal dose of typical cationic nanocarriers, including DOTAP liposomes, PEI and chitosan, as shown by H&E staining (**Figure [1](#F1){ref-type="fig"}A**). At 24 h after mice were treated with cationic nanoparticles, notable pathological changes were observed, and the severe inflammatory response was accompanied by an influx of an abundance of inflammatory cells (**Figure [1](#F1){ref-type="fig"}A-B**). The complex with cargo DNA also induced inflammation response and inflammatory cells infiltrating (**Figure [S5](#SM0){ref-type="supplementary-material"}** and **Figure [S16](#SM0){ref-type="supplementary-material"}**). To characterize the cationic nanocarrier-induced inflammation, flow cytometric analysis was performed to determine the percentage of CD45^+^CD11b^+^Ly6G^+^ inflammatory neutrophils and CD45^+^CD11b^+^Ly6C^+^ inflammatory monocytes in the lung tissues; an increased number of inflammatory neutrophils and monocytes were recruited to the lungs 48 h after the intravenous injection of cationic nanocarriers (**Figure [1](#F1){ref-type="fig"}C-F**). Next, we investigated the dynamics between inflammatory neutrophils and monocytes to identify the predominant cells that regulate the cationic nanocarrier-induced inflammation in the lung. The results revealed that many inflammatory neutrophils infiltrated during the early stage (24-48 h) of inflammation, and then, an increasing percentage of inflammatory monocytes infiltrated from 48-72 h (**Figure [1](#F1){ref-type="fig"}G**), suggesting that the number of inflammatory neutrophils decreases after the inflammatory monocyte infiltration.

To investigate whether the infiltrating monocytes play a role in the regulation of the cationic liposome-induced pulmonary inflammation, we utilized *Ccr2^-/-^*mice, which lack the chemokine receptor CCR2 and cannot recruit Ly6C^+^ inflammatory monocytes from the bone marrow during inflammation. Interestingly, 48 h after the administration of cationic liposomes, the pulmonary inflammation was more severe in the *Ccr2^-/-^*mice than in the *WT* mice (**Figure [1](#F1){ref-type="fig"}H-J**). The number of Ly6C^+^MHCII^+^ monocytes and inflammatory neutrophils (Ly6G^+^) in the lungs was significantly different between the *Ccr2^-/-^*mice and *WT* mice: more inflammatory neutrophils were detected in the*Ccr2^-/-^*mice than in the *WT* mice (**Figure [S2](#SM0){ref-type="supplementary-material"}A-C**). Monocytes isolated from *WT* mice bone marrow were injected into the cationic nanocarrier-treated *Ccr2^-/-^*mice, and the pulmonary inflammation was reduced (**Figure [1](#F1){ref-type="fig"}K-L**). Thus, these results suggest a possible immunosuppressive effect of infiltrating monocytes in acute pulmonary inflammation, which might contribute to negative regulation of the neutrophil-dominated immune response.

The dual monocyte phenotypes are induced by necrotic cells and mtDNA during the inflammatory response
-----------------------------------------------------------------------------------------------------

To further investigate the possible immunosuppressive effect of infiltrating monocytes, the infiltrating monocyte phenotype was characterized during acute pulmonary inflammation. In the present study, during acute pulmonary inflammation, we detected a regulatory monocyte population, and this population and IL-10 expression were significantly increased from 48-72 h following the cationic nanoparticle treatment, as characterized by flow cytometry (**Figure [2](#F2){ref-type="fig"}A-B** and **Figure [3](#F3){ref-type="fig"}A**). The Ly6C^+^ monocyte phenotypes were analysed by intracellular cytokine staining for IL-10 in combination with TNF-α, IL-6 and IFN-γ. The results revealed that DOTAP liposomes and other cationic nanocarriers including PEI and chitosan induced the dual monocyte phenotype during the pulmonary inflammatory response 48 h after injection (**Figure [3](#F3){ref-type="fig"}B-C, E**), which caused us to investigate the mechanism underlying this monocyte phenotype alteration.

We have previously reported that cationic nanoparticles induce pulmonary inflammation by triggering cell necrosis, and the resulting necrotic cells, specifically the released cytoplasmic damage-associated molecular patterns (DAMPs) such as mtDNA, are responsible for the inflammatory response. The induction of cell necrosis by cationic nanocarriers, the release of mtDNA from cationic particle-induced necrotic cells and the promotion of inflammation via the injection of necrotic cells or mtDNA were also confirmed in this study (**Figure [S8](#SM0){ref-type="supplementary-material"}** and **Figure [3](#F3){ref-type="fig"}D**). Inflammatory neutrophils and monocytes were significantly increased after the treatment with necrotic, cationic nanoparticle-induced lung cells (**Figure [2](#F2){ref-type="fig"}C-D**). To further investigate how inflammatory monocytes elicit the dual phenotype, we investigated whether the regulatory phenotype is related to the necrotic cells or mtDNA release caused by cationic nanocarriers. Bone marrow- or lung-derived monocytes were incubated with necrotic cells prepared from mice treated with cationic nanoparticles and were detected via flow cytometry. The monocytes were characterized by an increase in the expression of inflammatory cytokines, including TNF-α, IL-6 and IFN-γ, as well as an increased regulatory, IL-10-expressing monocyte population after the co-culture with the necrotic cells (**Figure [2](#F2){ref-type="fig"}E**).

Similarly, the number of dual-phenotype monocytes was significantly increased after the monocytes were treated with mitochondrial DNA both *in vitro* and *in vivo* (**Figure [3](#F3){ref-type="fig"}F-I**). Moreover, the level of PGE2, another effective immunosuppressive factor produced by monocytes, was also increased in the monocyte supernatant after co-culturing with mtDNA (**Figure [3](#F3){ref-type="fig"}J**). As a control, monocytes were stimulated with artificially synthesized CpG1668, which also increased the intracellular cytokines IL-10, TNF-α, IL-6 and IFN-γ to a similar level (**Figure [3](#F3){ref-type="fig"}K**). Together, these results revealed a population of dual-phenotype monocytes with possible immunesuppressive effects in the cationic nanoparticle-induced pulmonary inflammation model; in addition, mtDNA, an immunostimulatory factor in cationic nanoparticle-induced inflammation, also plays a key role in reprogramming monocytes into an immunoregulatory phenotype during this process.

Regulatory monocytes inhibit inflammation and suppress neutrophils via PGE~2~ production
----------------------------------------------------------------------------------------

After characterizing the phenotypic changes of monocytes in cationic particle-induced pulmonary inflammation and demonstrating that the acquisition of a regulatory monocyte phenotype is the result of mtDNA-driven activation, we next investigated how these regulatory monocytes affect neutrophil behaviour during inflammation. The suppressive effect of dual-phenotype Ly6C^+^ monocytes on neutrophil activation was observed by co-culturing neutrophils and monocytes together with either mtDNA or necrotic lung cells; stimulation with necrotic cells or mtDNA significantly reduced the percentage of TNF-α^+^ neutrophils (**Figure [4](#F4){ref-type="fig"}A-C**).

Small intestine lamina propria Ly6C^+^ monocytes and macrophages can reduce inflammation by producing PGE~2~ in *T. gondii* infections and in caecal ligation and puncture (CLP) models [@B34], [@B35]. In our study, the increased release of PGE2 from monocytes was observed following mtDNA stimulation (**Figure [3](#F3){ref-type="fig"}J**). Likewise, we confirmed the ability of PGE~2~ to inhibit neutrophil activation and inflammation both *in vitro* and *in vivo* (**Figure [4](#F4){ref-type="fig"}D-F**). To further study whether monocytes regulate and attenuate the pulmonary inflammatory response via producing PGE~2~, we pretreated monocytes with indomethacin, a COX-1 and COX-2 inhibitor, to inhibit PGE~2~ production. We found that indomethacin abolished the capability of monocytes to inhibit neutrophil activation both*in vitro* and*in vivo* (**Figure [4](#F4){ref-type="fig"}G-H** and **Figure [S8](#SM0){ref-type="supplementary-material"}**). This suggests that PGE~2~ plays an important role in the regulation of cationic particle-induced acute pulmonary inflammation via infiltrating monocytes.

Since IL-10 expression in monocytes might also be essential for regulating the inflammatory response, we utilized *IL-10^-/-^*mice to study whether IL-10 affects neutrophil activation. Monocytes isolated from *WT* and *IL-10^-/-^* mouse bone marrow were primed with mtDNA and were injected into cationic liposome-treated mice to observe the effect on pulmonary inflammation. *WT* monocytes and *IL-10^-/-^*monocytes both efficiently reduced pulmonary inflammation, as evidenced by the decreased number of neutrophils, specifically, infiltrating inflammatory TNF-α^+^ neutrophils (**Figure [S3](#SM0){ref-type="supplementary-material"}C** and **Figure [4](#F4){ref-type="fig"}J-K**). PGE2 was found in the supernatant of monocytes isolated from *IL-10^-/-^*mouse bone marrow and co-cultured with mtDNA (**Figure [4](#F4){ref-type="fig"}I**). However, this inhibitory effect of monocytes was abolished after treatment with indomethacin (**Figure [4](#F4){ref-type="fig"}L** and **Figure [S3](#SM0){ref-type="supplementary-material"}B**), demonstrating that monocyte production of PGE2, but not IL-10, plays a key role in the regulation of cationic nanocarrier-induced pulmonary inflammation. In addition to inhibiting inflammatory neutrophil activation, the IL-10 released by monocytes might participate in the regulation of cationic particle-induced inflammation in other ways.

Increased PGE~2~ production through TLR9- or STING-mediated MAPK-NF-κB-COX2 pathway activation via mtDNA alone
--------------------------------------------------------------------------------------------------------------

To demonstrate the pathways required for mtDNA to induce the PGE~2~-expressing inhibitory monocyte phenotype, *Sting^-/-^*mice and *Tlr9^-/-^*mice were used. The stimulation of interferon genes is essential for the host defence against DNA pathogens [@B36], and we hypothesized this might also be important for the recognition of mtDNA as a DAMP in the cationic nanocarrier-induced pulmonary inflammation model. The toll-like receptor 9 (TLR9) pathway has already been shown to play a key role in neutrophil activation in mtDNA-induced inflammation and was used as a control in this study. Interestingly, mtDNA-induced pulmonary inflammation was also alleviated in *Sting^-/-^*mice, suggesting that STING pathways might contribute to the ability of immune cells to recognize mtDNA (**Figure [5](#F5){ref-type="fig"}A**). In addition, *Sting^-/-^* mice and *Tlr9^-/-^*mice presented with a decreased percentage of infiltrating neutrophils and monocytes after the cationic liposome injection (**Figure [5](#F5){ref-type="fig"}B-C**). *Sting^-/-^* mice also presented with a decreased percentage of infiltrating TNF-α^+^neutrophils and IL-10^+^ monocytes following the cationic liposome injection (**Figure [5](#F5){ref-type="fig"}D-E**). The reduced inflammation was also confirmed by injecting necrotic cells and mtDNA into WT and *Sting^-/-^*mice (**Figure [4](#F4){ref-type="fig"}F-G**).

Next, we investigated whether the mtDNA-induced activation of regulatory monocytes was also associated with the STING and TLR9 pathways. *Sting^-/-^* and *Tlr9^-/-^* monocytes presented with decreased PGE~2~ release in response to mtDNA treatment (**Figure [5](#F5){ref-type="fig"}H**). To confirm the roles of the STING and TLR9 pathways in producing PGE~2~ in mtDNA-stimulated monocytes, we determined the expression of cyclooxygenase (COX-2) and COX1 by Western blotting; *Sting^-/-^* and *Tlr9^-/-^* monocytes presented with a decreased expression of COX2, and mtDNA did not affect COX1 expression (**Figure [5](#F5){ref-type="fig"}I**). Next, we investigated the involvement of the p38 MAPK and p65 NF-κB signalling pathways, which are important components of TLR9-induced signalling pathways; mtDNA induced the phosphorylation of p38 MAPK and p65 NF-κB. As shown in **Figure [5](#F5){ref-type="fig"}I**, the phosphorylation of p38 MAPK and p65 NF-κB was significantly decreased in *Sting^-/-^* and *Tlr9^-/-^* monocytes.

To determine the role of mtDNA-induced p38 MAPK and p65 NF-κB activation in COX-2 and PGE2 expression, the p44/42 MAPK inhibitor PD98059, p38 MAPK inhibitor SB203580, p65 NF-κB inhibitor BAY117082 and indomethacin were used. Western blotting assays showed that mtDNA-induced COX2 expression was significantly inhibited by PD98059, SB203580, BAY117082 and indomethacin (**Figure [5](#F5){ref-type="fig"}J**). We also assessed the phosphorylation of p44/42 MAPK, p38 MAPK and p65 NF-κB and evaluated the effects of these inhibitors on mtDNA-induced p38 MAPK and p65 NF-κB activation. Taken together, these data clearly revealed that mtDNA-induced COX2 expression was mediated by p38 MAPK- and p65 NF-κB-dependent signalling pathways (**Figure [5](#F5){ref-type="fig"}J**).

Thus, we conclude that the STING and TLR9 pathways are responsible for inducing both the inflammatory and regulatory phenotypes of monocytes in cationic nanoparticle-induced pulmonary inflammation. Together, these results demonstrated that mtDNA triggers suppressive monocyte phenotypes via the simultaneous activation of the STING and TLR9 pathways, which are also essential for the initiation of cationic-nanoparticle (mtDNA)-induced acute inflammation. An outline of the regulation of inflammation induced by the immunomodulatory complex released from cationic nanocarrier-induced necrotic cells is shown in **Figure [6](#F6){ref-type="fig"}**.

Discussion
==========

The negative regulation of the inflammatory response that protects the host from tissue damage in a cationic nanoparticle-induced inflammatory environment and the mechanisms underlying the inflammation resolution remain largely unexplored. In the current study, several observations were made concerning cationic nanoparticles, inflammation resolution, immunosuppressive monocytes, PGE2 production and mtDNA. We found that the inflammatory response is negatively regulated to protect the host from tissue damage in a cationic nanoparticle-induced inflammatory environment. Moreover, Ly6C^+^ inflammatory monocytes and their increased mtDNA-induced production of PGE2 may contribute to the regulation and resolution of the inflammatory response caused by cationic nanoparticles. mtDNA-induced activation of TLR9 or STING signalling may upregulate the genes involved not only in the promotion of inflammation but also in the resolution of inflammation. Thus, the increased production of PGE2 induced by mtDNA may be a part of a feedback mechanism that attenuates the inflammatory toxicity caused by TLR stimulation or STING. This possibility was supported by our findings. The current findings revealed that, following a sublethal dose of cationic nanocarriers, the induced inflammatory response is characterized by early neutrophil infiltration that is gradually resolved within 96 h or 1 week; inflammatory neutrophil infiltration in the early stage (24-48 h) is followed by an increasing percentage of monocytes in the acute inflammation of the lung; and, after cationic nanoparticle treatment, pulmonary inflammation is more severe in *Ccr2^-/-^* mice than in *WT* mice, due to the inability of *Ccr2^-/-^* mice to recruit bone-marrow monocytes during inflammation. Our work addressed a previously uncharacterized population of regulatory monocytes in a model of cationic nanoparticle-induced acute pulmonary inflammation, which is characterized by the expression of both inflammatory (TNF-α, IL-6 and IFN-γ) and immunosuppressive cytokines (IL-10 and PGE2). The alteration in the monocyte phenotype was directly induced by mtDNA released from cationic carrier-induced necrotic cells, and the STING and TLR9 pathways are responsible for inducing the dual phenotype in monocytes. Neutrophil activation is specifically inhibited by PGE~2~ from Ly6C^+^ inflammatory monocytes, and intravenous injections of dual-phenotype monocytes beneficially modified the immune response. The inhibitory effect of monocytes was abolished after the indomethacin-induced inhibition of PGE2 production. Increased PGE2 production was induced through TLR9- or STING-mediated MAPK-NF-κB-COX2 pathway activation via necrotic cells or mtDNA alone. In summary, our findings above suggest that the cationic nanocarrier-induced inflammatory response was negatively regulated and that this inflammatory response may be resolved via the increased production of PGE~2~ by Ly6C^+^ inflammatory monocytes that are activated by the mtDNA released from necrotic cells, which is triggered by cationic nanocarriers.

Mitochondria DNA is generally known as an immunostimulatory molecule and is released from necrotic cells after cell injury to activate the innate immune response [@B37]. The cationic polysaccharide chitosan also stimulates mitochondrial stress, ROS production, and mtDNA release and promotes cellular immunity via the DNA sensor cGAS-STING-dependent induction of type I interferon [@B38], [@B39]. Previously, we found that mtDNA released from necrotic cells triggered by cationic nanoparticles could activate neutrophils to induce acute inflammation in the lung [@B30]. The regulatory function of Ly6C^+^ inflammatory monocytes is activated by immunostimulatory factors, such as lipopolysaccharides (LPS) [@B40] or infections [@B41], [@B42]. However, the negative regulation of the immune response triggered by mtDNA has not been reported.

To our knowledge, this is the first study to demonstrate that mtDNA from damaged cells stimulates a dual phenotype in Ly6C^+^ inflammatory monocytes, which acquire both inflammatory and regulatory functions. Our study also revealed that the TLR9 and STING pathways are responsible for both the activation of neutrophils and the induction of the dual monocyte phenotype via mtDNA. Furthermore, our findings indicate that the negative regulation of Ly6C^+^ inflammatory monocytes may result from their increased production of PGE2 through the STING- or TLR9-mediated MAPK-NF-κB-COX2 pathways. Although P38 or NF-kB can be activated following exposure to STING ligands, such as cytosolic dsDNA or mtDNA, or TLR-9 ligands, such as mtDNA [@B30], [@B42], [@B43], COX2 activation and the subsequent increased production of PGE2 by these ligands have not been reported. In this study, we found that mtDNA induced COX2 expression in the monocytes via STING- and TLR9-dependent pathways, but mtDNA was not involved in COX1 activation. Additionally, mtDNA activated the p38 MAPK and p65 NF-κB signalling responses involved in the STING and TLR9 pathways. Moreover, we found that the p38 MAPK-specific inhibitor SB203580 and p65NF-kB-specific inhibitor BAY117082 significantly reduced p38 and NF-kB activation, respectively, and both inhibitors reduced COX-2 expression, indicating that p38 MAPK and NF-kB activation are involved in COX-2 synthesis. We also pretreated monocytes with indomethacin, a COX-1 and COX-2 inhibitor, to inhibit PGE2 production. We found that indomethacin abolished monocytes\' capability to inhibit neutrophil activation both *in vitro* and *in vivo*. Thus, we suggest that mitochondrial DNA may activate Ly6C^+^ monocytes and increase the production of PGE2 through TLR9- or STING-mediated MAPK-NF-κB-COX2 pathways. These molecular events may be part of a feedback mechanism that contributes to the regulation and resolution of the inflammatory response caused by cationic nanocarriers.

Systemic treatments with DNA nanoparticles (DNPs) has been reported to induce potent immune regulatory responses via STING signalling, produce the immune suppressive enzyme indoleamine 2,3 dioxygenase (IDO) and suppress experimental autoimmune encephalitis (EAE) in a mouse model [@B44]. In addition, prostaglandin E2 (PGE2) production is related to indoleamine 2,3-dioxygenase (IDO) expression [@B45], [@B46]; PGE2 released by cancer cells unregulated IDO expression in fibroblasts through an EP4/signal transducer and activator of transcription 3 (STAT3)-dependent pathway [@B47]. These findings also support our results.

In summary, our work describes the previously uncharacterized negative regulation of the inflammatory response, which protects hosts from tissue damage in a cationic nanoparticle-induced inflammatory environment. Ly6C^+^ inflammatory monocytes and their increased PGE2 production induced by mtDNA via TLR9- or STING-mediated MAPK-NF-κB-COX2 pathways may contribute to the regulation and resolution of the cationic nanoparticle-induced inflammatory response. We have provided insight into a new mechanism for the resolution of cationic nanoparticle- or mtDNA-induced inflammatory toxicity, and, in addition to other applications, these findings may have important implications for understanding nanoparticle biocompatibility and for designing better, safer drug delivery systems and therapies that control dsDNA-mediated inflammatory responses.

Methods
=======

Mice
----

*Myd88^-/-^*, *Ccr2^-/-^, IL-10^-/-^*and *Sting^-/-^* mice with a C57BL/6 background were obtained from Jackson Laboratory. *Tlr9^-/-^*mice with a C57BL/6 background were obtained from Bioindustry Division Oriental Yeast Co., Ltd. (Tokyo, Japan). Female C57BL/6 WT mice were purchased from Vital River (Beijing, China). The mice were housed and maintained under SPF conditions in an animal facility. Eight- to sixteen-week-old female mice were used. All animal experiments were performed according to the guidelines of the Institutional Animal Care and Use Committee of Sichuan University (Chengdu, Sichuan, China), and the protocols were approved by the Institutional Animal Care and Use Committee of Sichuan University (Chengdu, Sichuan, China).

Liposome preparation
--------------------

Cationic liposomes were composed of N-\[1-(2,3-dioleoyloxy) propyl\]-N, N, N-trimethylammonium chloride (DOTAP-CI). The film was prepared by a conventional evaporation method and was dispersed in sterile normal saline. The concentration of DOTAP liposomes was 1 mg/mL, and the particle size ranged from 100-130 nm with a 40-50 mV zeta potential. The liposome suspension was sterilized through 0.22 μm microporous membranes (Millipore). The size distribution and zeta potential of the prepared liposomes were determined by Malvern Nano-ZS 90 laser particle size analyser. The endotoxin levels were under 0.25 EU/mL for all samples.

Primary lung cell isolation and necrotic lung cell preparation
--------------------------------------------------------------

Mouse primary lung cells were isolated and cultured with a modified method as described previously [@B48]. The tissues were cut into approximately 1 mm pieces and then digested in 5 mL of 0.25% trypsin at 37 °C for 45 min. Culture medium containing 10% FBS was used to terminate the digestion, and the suspensions were filtered through 70 μm nylon mesh, centrifuged at 218 ×g for 5 min, then, the supernatant was removed. The cells were cultured in RPMI 1640 culture medium containing 10% FBS. The next day, the supernatant was removed, new culture medium was added, and the cells were passaged for 1-4 generations. The cells were incubated with the DOTAP liposomes (50 μg/mL) in RPMI 1640 medium (Gibco) supplemented with penicillin, streptomycin, HEPES and glutamine but without foetal bovine serum (FBS) at 37 °C for 2 h. After removing the liposomes, the cells were suspended in RPMI 1640 basic medium at a density of 5×10^6^ cells/mL.

Mitochondrial DNA preparation
-----------------------------

Mitochondrial DNA was isolated using a mitochondrial DNA isolation kit (Abcam) under sterile conditions. Mitochondrial DNA was isolated from the muscle tissue of C57BL/6 mice, and the mtDNA concentration was determined by a spectrophotometer; no protein contamination was found. The mitochondrial DNA was diluted in sterile water and stored at -80 °C. The endotoxin levels were under 0.25 EU/mL for all samples.

Endotoxin detection
-------------------

The endotoxin content in the liposomes and reagents was determined according to the instructions (Xiamen Horseshoe Reagent Factory, China Co., Ltd.) and a previous report [@B49]. The Limulus Amoebocyte Lysate(LAL) gel-clot assay with a sensitivity of 0.25 EU/mL was used. After 30 min of incubation, the 0.25 EU/mL endotoxin standard reacted with the gel, but all the test reagents did not produce a reaction, indicating that the reagent endotoxin levels were less than 0.25 EU/mL.

Detection of inflammatory neutrophils and monocytes
---------------------------------------------------

Mice were treated with intravenous injections of DOTAP liposomes (25 mg/kg), necrotic lung cells (1×10^6^ cells/mouse) or mitochondrial DNA (5 μg/mouse). Mouse lung tissues were dissected and cut into small pieces and dissociated by 1 mg/mL collagenase Type II in RPMI 1640 basic medium for 2 h in 37 °C. The suspensions were filtered through 70 μm nylon mesh. The cell suspensions were treated with red blood cell lysate buffer and were washed twice with phosphate-buffered solution (PBS). Cells were counted, dispersed in PBS at 1×10^6^ cells/mL and stained with fluorescence-conjugated antibodies for 30 min in PBS at 4 °C, then, the cells were washed with PBS twice. APC-labelled rat anti-mouse CD45 (BD Biosciences, 1:100), PerCP-Cy5.5-labelled rat anti-mouse CD11b (BD Biosciences, 1:100), PE-labelled rat anti-mouse Ly6C (BD Biosciences, 1:100), FITC-labelled rat anti-mouse Ly6G (BD Biosciences, 1:100) and Brilliant Violet 421^TM^ rat anti-mouse MHCII (I-A/I-E) (BD Biosciences, 1:100) antibodies were used. Data acquisition was performed on a FACS AriaIII flow cytometer and was analysed by FlowJo software.

Intracellular neutrophil and monocyte cytokine detection
--------------------------------------------------------

For neutrophil intracellular cytokine detection, the cells were stained with APC-labelled rat anti-mouse CD45 (BD Biosciences, 1:100), PerCP-Cy5.5-labelled rat anti-mouse CD11b (BD Biosciences, 1:100) and FITC-rat anti-mouse Ly6G antibodies (BD Biosciences, 1:100) for 30 min in PBS at 4 °C and then were washed twice with PBS. The cells were fixed in 2% paraformaldehyde solution for 20 min, permeabilized using 1% Triton X-100 for 30 min at 4 °C and washed with PBS. The cells were stained with PE-labelled rat anti-mouse TNF-α antibody (BD Biosciences, 1:100) for 2 h in 4 °C and then were washed. For monocyte intracellular cytokine detection, the cells were stained with APC-labelled rat anti-mouse CD45 (BD Biosciences, 1:100), PerCP-Cy5.5-labelled rat anti-mouse CD11b (BD Biosciences, 1:100) and PE-labelled rat anti-mouse Ly6C antibodies (BD Biosciences, 1:100) for 30 min at 4 °C and were treated as previously described. The intracellular cytokines were stained with the following antibodies or their appropriate isotype controls (rat IgG1 or IgG2b) for 2 h in PBS at 4 °C: FITC-labelled rat anti-mouse TNF-α (BD Biosciences, 1:100), Brilliant Violet 421^TM^ rat anti-mouse IL-10 (BD Biosciences, 1:100), FITC-labelled rat anti-mouse IL-6 (BD Biosciences, 1:100) and FITC-labelled rat anti-mouse IFN-γ (BD Biosciences, 1:100). Data acquisition was performed on a FACS AriaIII flow cytometer, and the results were analysed by FlowJo software.

Neutrophil and monocyte isolation
---------------------------------

All bone marrow cells were obtained, and the suspensions were filtered through 70 μm nylon mesh. The cells were carefully layered onto Histopaque-1077/1119 gradient solutions (Sigma) and were centrifuged at 700 ×g for 30 min. After centrifugation, the monocytes were aspirated from the "mononuclear" layer, and neutrophils were found in the "granulocyte" layer. Cells were collected and washed twice with sterile PBS. The cells were cultured in RPMI 1640 medium supplemented with 10% FBS, penicillin, streptomycin, HEPES and glutamine.

Monocyte stimulation and intracellular cytokine detection
---------------------------------------------------------

Bone marrow monocytes (1×10^6^ cells/well) were stimulated with necrotic lung cells (1×10^5^ cells/mL), mitochondrial DNA (5 μg/mL) or CpG1668 (1 μg/mL) (Invitrogen) in the presence of brefeldin A (GolgiPlug, BD Biosciences) in a 24-well plate at 37 °C for 4 h. For intracellular cytokine detection, the cells were stained with APC-labelled rat anti-mouse CD45 antibody (BD Biosciences, 1:100), PerCP-Cy5.5-labelled rat anti-mouse CD11b antibody (BD Biosciences, 1:100) and PE-labelled rat anti-mouse Ly6C antibody (BD Biosciences, 1:100) for 30 min at 4 °C and then were fixed and permeabilized as described. The intracellular cytokines were stained with FITC-labelled rat anti-mouse TNF-α antibody (BD Biosciences, 1:100), Brilliant Violet 421^TM^ rat anti-mouse IL-10 antibody (BD Biosciences, 1:100), FITC-labelled rat anti-mouse IL-6 antibody (BD Biosciences, 1:100) and FITC-labelled rat anti-mouse IFN-γ antibody (BD Biosciences, 1:100) or their appropriate isotype controls, including rat IgG1 and IgG2b, for 2 h in PBS at 4 °C. Data acquisition was performed on a FACS AriaIII flow cytometer, and the results were analysed by FlowJo software.

Quantitative determination of PGE~2~ levels
-------------------------------------------

Monocytes isolated from bone marrow were cultured (2×10^6^ cells/well) and were stimulated with necrotic lung cells (1×10^5^ cells/mL) or mitochondrial DNA (5 μg/mL) for 20 h in a 6-well plate at 37 °C. PGE~2~ production in the supernatant was quantitated using an enzyme immunoassay (EIA) kit (Enzo Life Science). The concentration was determined according to manufacturer\'s instructions.

Stimulation and suppression of neutrophil inflammation *in vitro*
-----------------------------------------------------------------

Neutrophils (1×10^6^ cells/well) were co-cultured with monocytes (5×10^5^ cells/well) and stimulated with necrotic lung cells (1×10^5^ cells/mL) or mitochondrial DNA (5 μg/mL) in a 24-well plate at 37 °C for 4 h. Neutrophils were stained with APC-labelled rat anti-mouse CD45 (BD Biosciences, 1:100), PerCP-Cy5.5-labelled rat anti-mouse CD11b (BD Biosciences, 1:100) and FITC-labelled rat anti-mouse Ly6G antibodies (BD Biosciences, 1:100) for 30 min in PBS at 4 °C and then were washed twice with PBS. Cells were fixed in 2% paraformaldehyde solution for 20 min, permeabilized using 1% Triton X-100 for 30 min at 4 °C and washed with PBS. The cells were stained with PE-labelled rat anti-mouse TNF-α antibody (BD Biosciences, 1:100) for 2 h at 4 °C and then were washed. Data acquisition was performed on a FACS AriaIII flow cytometer, and the results were analysed by FlowJo software.

Monocytes suppression assay *in vivo*
-------------------------------------

Monocytes were cultured with mitochondrial DNA (5 μg/mL) in a 24-well plate for 20 h at 37 °C. The cells were harvested and intravenously injected into mice (1×10^6^ cells/mouse), then, the mice were treated with DOTAP liposomes (25 mg/kg), necrotic lung cells (1×10^6^ cells/mouse) or mitochondrial DNA (5 μg/mouse). Forty-eight hours after treatment, the cells in the mouse lung tissues were analysed by flow cytometry. APC-labelled rat anti-mouse CD45 (BD Biosciences, 1:100), PerCP-Cy5.5-labelled rat anti-mouse CD11b (BD Biosciences, 1:100), FITC-labelled rat anti-mouse Ly6G (BD Biosciences, 1:100) and PE-labelled rat anti-mouse TNF-α antibodies (BD Biosciences, 1:100) were used for staining as previously described. The percentage of inflammatory neutrophil influx into the lung and the expression of TNF-α in neutrophils were determined. To detect the expression of cytokines in Ly6C^+^ inflammatory monocytes, APC-labelled rat anti-mouse CD45 (BD Biosciences, 1:100), PerCP-Cy5.5-labelled rat anti-mouse CD11b (BD Biosciences, 1:100), PE-labelled rat anti-mouse Ly6C (BD Biosciences, 1:100), FITC-labelled rat anti-mouse TNF-α (BD Biosciences, 1:100), Brilliant Violet 421^TM^ rat anti-mouse IL-10 (BD Biosciences, 1:100), FITC-labelled rat anti-mouse IL-6 antibody (BD Biosciences, 1:100) and FITC-labelled rat anti-mouse IFN-γ antibodies (BD Biosciences, 1:100) were utilized as described previously. Data acquisition was performed on an AriaIII flow cytometer, and the results were analysed by FlowJo software.

Prostaglandin E~2~, 16, 16-Dimethyl prostaglandin E~2~ and indomethacin treatments
----------------------------------------------------------------------------------

Neutrophils were treated with PGE~2~ (Sigma) at different concentrations and simultaneously stimulated with necrotic lung cells (1×10^5^ cells/mL) or mitochondrial DNA (5 μg/mL). Mice were injected with DOTAP liposomes (25 mg/kg), necrotic lung cells (1×10^6^ cells/mouse) or mitochondrial DNA (5 μg/mouse) and were treated with intravenous injections of diMePGE~2~ (10 or 100 μg/kg body weight) (Sigma). The COX-1 and COX-2 inhibitor indomethacin (Sigma) was used at a concentration of 10 μM when needed.

Quantitative real-time PCR for mitochondrial DNA
------------------------------------------------

The mtDNA in the plasma was purified using a QIAamp DNA Blood Mini kit (Qiagen) and was quantified by qPCR via Taqman probes. The PCR primers and probes were designed as described previously [@B50]. Primers were designed and synthesized by Invitrogen. The following sequences were used: the sense primer 5′-ACCTACCCTATCACTCACACTAGCA-3′, antisense primer 5′- GAGGCTCATCCTGATCATAGAATG-3′, and the FAM-labelled TAMRA-quenched probes 5′-ATGAGTTCCCCTACCAATACCACACCC-3′. The standard curve was created by analysing serial dilutions of plasmid DNA with inserts of the target PCR product (J01420, positions 2891- 3173).

Detection of cell necrosis in lungs
-----------------------------------

DOTAP liposomes (25 mg/kg) were injected into mice through the tail vein. At 6 h after treatment, the mice were killed, and bronchoalveolar lavage fluid (BAL) was prepared with a modified method as descried previously [@B51]. For BAL, the trachea was cannulated and lavaged three times with 0.8 mL sterile PBS at room temperature. Samples were centrifuged at 491 ×g for 5 min and the cells were collected. The cells were counted, dispersed in PBS at 1×10^6^ cells/mL and stained with FITC-Annexin-V and PE-PI (Roche) in binding buffer. Data acquisition was performed on an AriaIII flow cytometer, and the results were analysed by FlowJo software; FITC+ PE+ cells were gated.

Lung perfusion
--------------

After the mice were anaesthetized as described [@B52], the murine lung was perfused with a modified method as described previously [@B53], [@B54]. Lung perfusion with PBS solution was performed to remove residual blood by inserting a needle into small incision in the left ventricle and perfusing 20 mL of PBS through the circulatory system. Perfusion was deemed successful when the lungs expanded and became pale. After perfusion, the lungs were removed carefully.

Western blot assay
------------------

Freshly isolated monocytes were cultured and simultaneously stimulated with mitochondrial DNA (5 μg/mL) at a concentration of 5×10^6^ cells/mL. The inhibitors PD98059 (EMD Chemicals), SB203580 (EMD Chemicals), BAY117082 (EMD Chemicals) and indomethacin (Sigma) were added to the cells, and the cells were incubated for 2 h at 37 °C. After the incubation, the monocytes were lysed, and protein samples were prepared. Western blot analysis was performed: equal amounts of protein (50 μg) were electrophoresed on 10% Bis-Tris gels (Invitrogen Nupage Novex), transferred onto a PVDF membrane and then incubated in TBST buffer (150 mM NaCl, 20 mM Tris-HCl, 0.02% Tween 20 (pH 7.4)) containing 5% nonfat milk. Antibodies to phospho-p38 MAPK (Thr 180/Tyr 182; Cell Signalling Technology), p38 MAPK (Cell Signalling Technology) and phospho-p44/42 extracellular signal-regulated kinase (ERK) 1/2 (Thr 202/Tyr 204) (Cell Signalling Technology), p44/42 ERK 1/2 (Cell Signalling Technology), NF-κB p65 (Cell Signalling Technology), phospho-NF-κB p65 (Cell Signalling Technology), GAPDH (Abcam), COX1 (Cell Signalling Technology) and COX2 (Cell Signalling Technology) were used. Proteins were visualized with specific primary antibodies and then were incubated with HRP-conjugated secondary antibodies. Immunoreactivity was detected using a Super Signal West Dura Substrate (Thermo Fisher Scientific).

Statistical analyses
--------------------

Groups were compared with Prism software (GraphPad) using a two-tailed unpaired Student\'s*t*-test or Dunnet\'s t-test. Data are presented as the mean ± S.E.M.
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COX-2

:   cyclooxygenase 2

CCR2
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DAMPs

:   damage-associated molecular patterns

DOTAP-Cl
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IFN-γ

:   interferon-γ

IL-1β
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MAPKs

:   mitogen-activated protein kinases

mtDNA

:   mitochondrial DNA
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:   polyethylene imines

PGE2

:   prostaglandin E2

STING

:   stimulator of interferon genes

TLR9

:   toll-like receptor 9

TNF-α

:   tumor necrosis factor-α.

![**Inflammatory monocyte and neutrophil recruitment and regulation of cationic nanoparticle-induced pulmonary inflammation.** C57BL/6 mice were treated with intravenous injections of DOTAP liposomes (25 mg/kg) or with normal saline as a control treatment. **(A)** Representative haematoxylin-eosin (H&E)-stained sections of lung tissue at 24, 48, and 96 h after mice were treated with DOTAP liposomes (n=5); scale bars=50 μm. **(B)** Representative H&E-stained sections of lung at 24 h after DOTAP liposome treatment (n=5 per group); scale bars=50 μm. **(C)** Flow cytometric analysis of recruited myeloid cells in the lung at 48 h after the DOTAP liposome dose. Numbers indicate either CD45^+^CD11b^+^Ly6C^+^ monocytes or CD45^+^CD11b^+^Ly6G^+^ neutrophils in the quadrant and are expressed as the percentage of total cells within the same lung (n=5). **(D-E)** Bar graph summarizing the average percentage of inflammatory monocyte and neutrophil influx into the lung (n=3).**(F)** Flow cytometric assessment of recruited MHCII^+^ inflammatory monocytes. Cells were gated on CD45^+^CD11b^+^Ly6C^+^ monocytes. **(G)** Infiltrating inflammatory monocytes and neutrophils were detected by flow cytometry at 24, 48 and 96 h after DOTAP liposome administration (n=4). **(H)** Representative H&E-stained sections of lung from C57BL/6 or *Ccr2^-/^*^-^ mice treated with DOTAP liposomes (n=4); scale bar=50 μm. **(I-J)** Percentage of infiltrating neutrophils and monocytes in the lungs of C57BL/6 and *Ccr2^-/^*^-^ mice treated with DOTAP liposomes. **(K-L)** Monocytes isolated from C57BL/6 mice bone marrow were injected into the cationic liposome-treated *Ccr2^-/-^*mice, and the monocytes and neutrophils were detected by flow cytometry. Data are representative of three independent experiments, and the results are expressed as the mean ± S.E.M. Statistical comparisons were performed using Student\'s t-test or Dunnet\'s t-test (*\*P*\<0.05; *\*\*P*\<0.01).](thnov08p3138g001){#F1}

![**Ly6C^+^ inflammatory monocytes adopted a dual phenotype after being stimulated with necrotic lung cells. (A)** DOTAP liposomes or normal saline as a control were injected into C57BL/6 mice, and the mice were sacrificed 24 or 72 h after the injection. The intracellular cytokines of Ly6C^+^ inflammatory monocytes were analysed by flow cytometry. First, the cells were gated on CD45^+^CD11b^+^Ly6C^+^ monocytes. Intracellular cytokine staining for IL-10 in conjunction with TNF-α, IL-6 and IFN-γ was conducted. Numbers represent the percentage of cells in each gate (n=9). **(B)** Average percentage of IL-10^+^ inflammatory monocytes in the control and at 24 and 72 h after dosing (n=9). **(C-D)** Analysis of inflammatory neutrophils and monocytes 48 h after an intravenous injection of 1×10^6^ necrotic lung cells (n=3). **(E)** Monocytes isolated from bone marrow were stimulated with necrotic lung cells for 4 h in the presence of brefeldin A. Intracellular cytokine staining for IL-10, TNF-α, IL-6 and IFN-γ; first, the cells were gated on CD45^+^CD11b^+^Ly6C^+^ monocytes (n=3). Data are representative of three independent experiments, and the results are expressed as the mean ± S.E.M. Statistical comparisons were performed using Student\'s t-test or Dunnet\'s t-test (*\*P*\<0.05; *\*\*P*\<0.01; *\*\*\*P*\<0.005).](thnov08p3138g002){#F2}

![**Regulatory Ly6C^+^ inflammatory monocytes are increased in the lungs after the cationic liposome dose, and mtDNA-stimulated Ly6C^+^ inflammatory monocytes adopted a dual phenotype. (A)** C57BL/6 mice were injected with DOTAP liposomes or normal saline as a control and were sacrificed 24, 48 or 96 h after the injection. Cells were first gated on CD45^+^CD11b^+^Ly6C^+^ monocytes, and intracellular cytokine staining for IL-10 was performed. **(B-C, E)** C57BL/6 mice were treated with DOTAP liposomes (25 mg/kg), PEI (5 mg/kg) or chitosan (25 mg/kg); 48 h after the injection, the number of neutrophils and monocytes and the intracellular levels of IL-10, TNF-α, IL-6 and IFN-γ in inflammatory monocytes were determined by flow cytometry (n=5). **(D)** The mtDNA level in the sera of mice treated with DOTAP liposomes was determined by qPCR at 6 h after the injection (n=3). **(F)** Monocytes isolated from bone marrow were cultured with mtDNA (5 μg/mL) for 4 h in the presence of 4 μg/mL brefeldin A, a Golgi-blocking agent. Intracellular cytokine staining for IL-10, TNF-α, IL-6 and IFN-γ; the cells were first gated on CD45^+^CD11b^+^Ly6C^+^ monocytes. **(G-H)** C57BL/6 mice were injected with mtDNA (5 μg/mouse) or normal saline as a control and sacrificed 48 h after injection. Flow cytometric analysis was conducted. Neutrophils and inflammatory monocytes in the lungs of the mice treated with mtDNA or normal saline; IL-10 and TNF-α expression in inflammatory monocytes (CD45^+^CD11b^+^Ly6C^+^) (n=4). **(I)** Monocytes isolated from bone marrow were stimulated with mtDNA (5 μg/mL) for 4 h in the presence of brefeldin A. Intracellular cytokine staining for IL-10, TNF-α, IL-6 and IFN-γ (n=3). **(J)** EIA for PGE~2~ in the supernatants of bone marrow monocytes cultured alone or with mtDNA for 20 h (n=3).**(K)** Monocytes were stimulated with mtDNA or CpG1668 in the presence of brefeldin A; intracellular cytokine staining for IL-10, TNF-α, IL-6 and IFN-γ (n=3). Data are representative of three independent experiments, and the results are expressed as the mean ± S.E.M. Statistical comparisons were performed using Student\'s t-test or Dunnet\'s t-test (*\*P*\<0.05; *\*\*P*\<0.01; *\*\*\*P*\<0.005).](thnov08p3138g003){#F3}

![**Monocytes reduce the inflammatory response induced by necrotic lung cells and DOTAP liposomes via PGE~2~ production. (A-C)** Intracellular cytokine staining for TNF-α produced by neutrophils (CD45^+^CD11b^+^Ly6G^+^) stimulated with necrotic lung cells or mtDNA and cultured with control medium or monocytes. Numbers represent the percentage of cells in each gate.**(D)** TNF-α produced by neutrophils stimulated with necrotic lung cells and treated with increasing concentrations of purified PGE~2~ (n=3).**(E)** TNF-α produced by neutrophils stimulated with mtDNA and treated with increasing concentrations of purified PGE~2~ (n=3). **(F)** TNF-α produced by neutrophils (CD45^+^CD11b^+^Ly6G^+^) in the lungs of mice injected with DOTAP liposomes and treated with increasing concentrations of diMePGE~2~ (n=3). **(G)** TNF-α produced by neutrophils stimulated by necrotic lung cells and cultured with monocytes or indomethacin (indo; 10 μM) (n=3). **(H)** Monocytes from bone marrow were stimulated with mtDNA for 20 h in the presence of indomethacin or vehicle and were injected into DOTAP liposome-treated mice. TNF-α production by neutrophils (CD45^+^CD11b^+^Ly6G^+^) in the lungs was analysed by flow cytometry (n=3).**(I)** *WT* and*IL-10^-/-^* monocytes were isolated from C57BL/6 and *IL-10^-/-^*mouse bone marrow. EIA test for PGE~2~ in the supernatants from *WT* monocytes, *IL-10^-/-^* monocytes and control medium (n=3). **(J)** TNF-α expression in inflammatory neutrophils (CD45^+^CD11b^+^Ly6G^+^) stimulated with mtDNA for 4 h and cultured with *WT* monocytes,*IL-10^-/-^* monocytes and *IL-10^-/-^* monocytes treated with indomethacin (10 μM), as determined by flow cytometry (n=3). **(K-L)** After being stimulated with mtDNA for 20 h, *WT* monocytes,*IL-10^-/-^* monocytes and *IL-10^-/-^* monocytes treated with indomethacin (10 μM) were injected into C57BL/6 mice after DOTAP liposome administration. Mice were sacrificed 48 h after the injection; the number of monocytes (CD45^+^CD11b^+^Ly6C^+^) in the lung and the TNF-α produced by neutrophils were determined by flow cytometry (n=3). Data represent three independent experiments, and the results are expressed as the mean ± S.E.M. Statistical comparisons were performed using Student\'s *t*-test or Dunnet\'s t-test (*\*P*\<0.05; *\*\*P*\<0.01; *\*\*\*P*\<0.005)](thnov08p3138g004){#F4}

![**STING and TLR9 pathways are essential for the cationic liposome-induced activation of pulmonary inflammation.** *WT*, *Sting^-/-^* and *Tlr9^-/-^* mice were treated with DOTAP liposomes for 48 h. **(A)** Representative H&E staining of lung sections of mice treated with DOTAP liposomes (n=5); scale bar=50 μm. **(B)** Inflammatory monocyte (CD45^+^CD11b^+^Ly6C^+^) influx into the lungs of mice treated with DOTAP liposomes (n=5). **(C)** Inflammatory neutrophil (CD45^+^CD11b^+^Ly6G^+^) influx into the lungs of mice treated with DOTAP liposomes (n=5). **(D)** TNF-α expression in the inflammatory neutrophils (CD45^+^CD11b^+^Ly6G^+^) in the lungs of *WT* and *Sting^-/-^*mice (n=3). **(E)** IL-10 production in inflammatory monocytes (CD45^+^CD11b^+^Ly6C^+^) in the lungs of *WT* and *Sting^-/-^*mice (n=3).**(F)** Neutrophils were isolated from the bone marrow of *WT* and *Sting^-/-^*mice and were stimulated with necrotic lung cells or mtDNA **(G)** for 4 h in the presence of brefeldin A. TNF-α expression in inflammatory neutrophils (CD45^+^CD11b^+^Ly6G^+^) was determined by flow cytometry, (n=3). **(H)** Monocytes were isolated from the bone marrow of *WT, Tlr9^-/-^* and *Sting^-/-^*mice and were cultured with mitochondrial DNA (5 μg/mL) at a concentration of 5×10^6^ cells/mL; EIA assays were conducted for PGE~2~ expression in supernatants (n=3). **(I)** Western blot analysis was performed. **(J)** The freshly isolated monocytes were cultured with mtDNA (5 μg/mL) at a concentration of 5×10^6^ cells/mL. The inhibitors PD98059 (30 μM), SB203580 (10 μM), BAY117082 (10 μM) and indomethacin (10 μM) were added to the cells, and the cells were incubated for 2 h at 37 °C, then, Western blot analysis was performed. Data are representative of three independent experiments, and the results are expressed as the mean ± S.E.M. Statistical comparisons were performed using Student\'s t-test or Dunnet\'s t-test (*\*P*\<0.05; *\*\*P*\<0.01; *\*\*\*P*\<0.005).](thnov08p3138g005){#F5}

![**Model of the regulation of inflammation induced by the immunomodulatory complex released from cationic nanocarrier-induced necrotic cells.** The cationic nanoparticles induced acute cell necrosis via interacting with Na+/K+-ATPase and caused the subsequent release of mitochondria and mitochondrial contents such as mtDNA from the necrotic cells as damage associated molecular patterns (DAMPs) to further stimulate the innate immune response. Here, we show the mechanism involved in the regulation of Ly6C^+^ monocyte inflammation. Mitochondrial DNA activated the p38 MAPK and p65 NF-κB signalling responses via the STING and TLR9 pathways and increased PGE2 production in monocytes through STING- or TLR9-mediated MAPK-NF-κB-COX2 pathways. In addition, p38 MAPK and NF-kB activation are involved in COX-2 synthesis. The increased production of PGE~2~ in mtDNA-induced Ly6C^+^ inflammatory monocytes contributes to the regulation and resolution of the inflammatory response.](thnov08p3138g006){#F6}
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